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C. elegans HIM-17 Links Chromatin Modification
and Competence for Initiation of Meiotic Recombination
variety of systems has defined conserved core meiotic
recombination machinery responsible for executing
crossover recombination. A key player in this core ma-
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chinery is Spo11, a homolog of archaebacterial type IIStanford University School of Medicine
topoisomerase subunit Top6A (Bergerat et al., 1997);Stanford, California 94305
Spo11 is the protein most directly responsible for cata-
lyzing DSB formation (Keeney et al., 1997). Spo11 or-
thologs have been identified in all kingdoms of Eukarya,
Summary
and functional experiments in numerous organisms indi-
cate that the role of Spo11 in initiating meiotic recombi-
Initiation of meiotic recombination by double-strand
nation through DSB formation is evolutionarily con-
breaks (DSBs) must occur in a controlled fashion to served (reviewed in Keeney, 2001).
avoid jeopardizing genome integrity. Here, we identify Although Spo11 is widely recognized as the central
chromatin-associated protein HIM-17 as a link be- player in generating meiotic DSBs, the requirements for
tween chromatin state and DSB formation during Spo11 to become active in DSB formation are not well
C. elegans meiosis. Dependencies of several meiotic understood. Spo11 is transcriptionally upregulated in
prophase events on HIM-17 parallel those seen for meiosis in several organisms, but timely expression
DSB-generating enzyme SPO-11: HIM-17 is essential alone appears insufficient to allow Spo11 to be active in
for DSB formation but dispensable for homolog synap- DSB formation. The conserved Rad50/Mre11 complex,
sis. Crossovers and chiasmata are eliminated in him- implicated in recombinational repair and nonhomolo-
17 null mutants but are restored by artificially induced gous end joining in mitotically growing cells, is known
DSBs, indicating that all components required to con- to be required for meiotic DSB formation in S. cerevisiae
vert DSBs into chiasmata are present. Unlike SPO-11, (Cao et al., 1990; Johzuka and Ogawa, 1995), but how
HIM-17 is also required for proper accumulation of this complex might participate in promoting DSB for-
histone H3 methylation at lysine 9 on meiotic prophase mation is not known. Also implicated in DSB formation
chromosomes. HIM-17 shares structural features with in several fungi is WD repeat protein Ski8/Rec103
three proteins that interact genetically with LIN-35/ (S. pombe rec14) (Gardiner et al., 1997; Evans et al.,
Rb, a known component of chromatin-modifying com- 1997; Tesse et al., 2003). The role of Ski8 in DSB forma-
plexes. Furthermore, DSB levels and incidence of chi- tion is genetically separable from a previously defined
asmata can be modulated by loss of LIN-35/Rb. These cytoplasmic role in RNA metabolism (Arora et al., 2004).
and other data suggest that chromatin state governs Ski8 protein localizes to chromosomes during meiosis,
the timing of DSB competence. and recent evidence suggests that Ski8 may act as a
scaffold protein to recruit Spo11 and other DSB proteins
to chromosomes in a multiprotein complex (Arora etIntroduction
al., 2004). Several meiosis-specific proteins required for
DSB formation (Mei4, Mer2, Rec102, Rec104, andMeiosis is the specialized cell division program by which
Rec114) have been identified in S. cerevisiae and/ordiploid organisms generate haploid gametes. Several
S. pombe, but orthologs of these proteins appear to beevents occur during the extended meiosis I prophase
restricted to fungi and their roles are only beginning toto ensure accurate segregation of homologous chromo-
be understood (Keeney, 2001). It has been speculatedsomes at the first meiotic division (reviewed in Page
that Rec102 and Rec104 may act together with Spo11and Hawley, 2003). Homologs identify their partners and
in a DSB-inducing complex (Kee and Keeney, 2002; Jiaoalign along their lengths, a configuration solidified by
et al., 2003), but Rec102 and Rec104 are broadly distrib-formation of the synaptonemal complex (SC) connecting
uted along chromosomes rather than concentrated attheir aligned axes. In most organisms, homologous
DSB hotspots (Kee et al., 2004), raising the possibilitychromosomes must also undergo crossover recombina-
that they may affect competence for DSB formationtion between their DNA molecules; crossing over results
through effects on chromosome structure.in the formation of chiasmata, which maintain connec-
Potential connections between chromatin context
tions between homologs after SC disassembly and allow
and Spo11 activity are suggested by observations in
homologs to orient and subsequently segregate toward
budding yeast linking premeiotic DNA synthesis and
opposite poles of the meiosis I spindle. DSB formation. Borde et al. (2000) showed that the tim-
Meiotic recombination is initiated by the deliberate ing of replication of a DSB hotspot dictates the timing
induction of double-strand DNA breaks (DSBs) (Sun et of DSB formation at that hotspot, and several groups
al., 1989; Cao et al., 1990), and proceeds by a specialized (Davis et al., 2001; Smith et al., 2001) provided additional
DSB repair pathway that uses the homologous chromo- evidence that DNA replication is a prerequisite for DSB
some as a repair partner to ultimately generate the formation in meiosis. These observations led to models
crossover events that are crucial for correct segregation in which events occurring during replication are neces-
(reviewed in Villeneuve and Hillers, 2001). Work from a sary to create chromatin substrates that are competent
for DSB formation. Furthermore, DSB hotspot sites in
budding yeast are nuclease-hypersensitive in both mi-*Correspondence: villen@cmgm.stanford.edu
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totic and meiotic chromatin (Ohta et al., 1994; Wu and vertebrate proteins corresponds to a recently described
motif termed the THAP domain (Roussigne et al., 2003).Lichten, 1994; Fan and Petes, 1996), and inactivation of
Although the function of this motif in the founding humanthe Mre11/Rad50 complex alters the nuclease hyper-
proteins is unknown, an 88 amino acid peptide con-sensitivity of DSB sites in meiotic chromatin (Furuse et
taining the THAP domain of D. melanogaster P-elemental., 1998; Ohta et al., 1998). A recurring thread in these
transposase has been shown to have site-specific DNAcollected observations is the notion that chromosomes
binding activity (Lee et al., 1998). Alignment of HIM-17may acquire competence as substrates for Spo11-
repeats 1, 2, 4, and 6 with LIN-36, LIN-15B, THAP0,directed DSB formation through modification of chroma-
and P-transposase (Figure 1C) shows that these repeatstin structure.
include nearly all of the invariant residues that defineIn the current work, we strengthen the connection
the THAP domain, and differ mainly in the spacing be-between chromatin modification and competence for
tween the conserved W and the CxxH residues. WhereasDSB formation through our identification of chromatin-
four of the six HIM-17 repeats match well with the THAPassociated protein HIM-17, which provides a link be-
consensus, repeats 3 and 5 are more diverged, repeattween these processes during meiotic prophase in
5 notably lacking the invariant W. Using a strategy similarC. elegans. We show that HIM-17 is required both for
to that described above, we identified a motif relatedformation of the SPO-11-dependent DSBs that initiate
to repeat 5 in LIN-15B (Figure 1D) as well as in LIN-15A,meiotic recombination and for proper accumulation of
another C. elegans protein that interacts genetically withhistone H3 methylation on lysine 9 on germline chroma-
the LIN-35/Rb pathway but which was not previouslytin. Furthermore, we identify heretofore unrecognized
recognized to have a domain in common with LIN-15Bstructural motifs in HIM-17 that are shared in common
(Ferguson and Horvitz, 1989; Clark et al., 1994).with three different proteins known to collaborate with
The presence of these six conserved C2CH motifsC. elegans LIN-35/Rb, previously implicated in com-
suggests that HIM-17 is a modular protein with multipleplexes that modify chromatin. Finally, we provide evi-
independent functional domains, an interpretation sup-dence that LIN-35/Rb itself can modulate meiotic DSB
ported by the mutations found in him-17 mutant alleleslevels. These and other results are discussed in the
(Figure 1B). Missense mutations that affect conservedcontext of a model proposing that chromatin state gov-
residues in repeat 2 or repeat 6 and a nonsense alleleerns both acquisition and loss of competence for DSB
encoding a truncated protein containing only the firstformation during meiotic prophase progression.
three complete modules result in partial loss of HIM-17
function (see below); this implies that different individualResults
modules contribute to full HIM-17 activity, but also indi-
cates that a subset of intact modules can be sufficientModular Organization of HIM-17
to confer substantial partial activity. Only the deletionMutant and RNAi-based screens combined to identify
allele him-17(ok424) (in-frame deletion of codons 229him-17/T09E8.2 as a gene essential for crossover forma-
through 574) appears to be a null allele, based on severaltion during C. elegans meiosis (see Experimental Proce-
criteria: (1) worms carrying him-17(ok424) in trans to
dures). BLAST searches using C. elegans HIM-17 as a
a deficiency that deletes the entire him-17 region are
query sequence did not identify any better than thresh-
phenotypically indistinguishable from him-17(ok424)
old sequence alignments apart from C. briggsae HIM- homozygotes; (2) him-17(ok424) behaves as a defi-
17. However, we noticed that the near-threshold align- ciency in trans to non-null alleles me9 and me24; and
ments of two separate regions of HIM-17 with segments (3) the most severe him-17 RNAi phenotype is identical
of two different proteins contained very similar patterns to that of the him-17(ok424) mutant.
of identities and conservative substitutions. This prompted
a visual scan of the HIM-17 sequence, which revealed six Defective Chromosome Segregation and Chiasma
separate occurrences of a repeated motif not previously Formation in him-17 Mutants
identified by conserved domain searches (Figures 1A Hermaphrodites (XX) homozygous for any of the him-
and 1B). A notable feature of the repeat motif is a CxxC– 17 mutations produce normal numbers of embryos, but
x(49-71)–CxxH signature; this C2CH element may con- many of these fail to hatch and XO males represent
stitute a metal-coordinating module, as in previously a large fraction of the survivors (Table 1). This “high
defined Zn finger motifs. incidence of males” (Him) phenotype is indicative of a
A hidden Markov model (HMM) derived from a Clus- defect in meiotic chromosome segregation and can be
talW alignment of the C. elegans and C. briggsae HIM-17 attributed to a deficit of chiasmata connecting homolo-
repeats (excluding repeat 3) was used to initiate iterative gous chromosomes (Figure 2A; Table 2). In wild-type
HMM searches for proteins with related motifs (Eddy, nuclei at diakinesis, the last stage of meiotic prophase,
1998). The initial query retrieved C. elegans LIN-15B and cytological analysis reveals six DAPI-stained bodies
LIN-36, proteins that were both known to function in corresponding to six pairs of homologs attached by
a genetic pathway together with LIN-35/Rb (the sole chiasmata. In the null mutant him-17(ok424), 12 DAPI-
C. elegans retinoblastoma homolog) but were not pre- stained bodies are resolved in most diakinesis nuclei,
viously recognized to share any structural features (Fer- indicating a lack of chiasmata. This absence of chias-
guson and Horvitz, 1989; Clark et al., 1994; Thomas and mata reflects a failure to form crossovers, as measured
Horvitz, 1999). HMMs including these additional se- genetic recombination frequencies for an interval span-
quences retrieved many significant alignments, includ- ning 80% of the X chromosome showed that crossing
ing proteins from C. elegans, Drosophila, and verte- over in him-17(ok424) hermaphrodites is reduced
to 1% of the wild-type level (Table 3).brates. The aligned segment of the Drosophila and
Chromatin and DSB Formation in C. elegans
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Figure 1. Modular Organization of the HIM-17 Protein
(A) Alignment of the six repeat motifs in the HIM-17 protein sequence.
(B) Organization of repeat modules (red) within the coding sequence. Yellow lines indicate positions of the CxxC and CxxH residues within
the repeat motifs; the conserved motifs in repeats 1, 2, 4, and 6 extend beyond the CxxH.
(C) Repeats 1, 2, 4, and 6 aligned with conserved motifs in C. elegans LIN-36 and LIN-15B, human THAP0 and D. melanogaster P-element
transposase; asterisks indicate residues that are invariant in the previously defined THAP domain (Roussigne et al., 2003).
(D) Diverged repeat 5 aligned with segments of LIN-15B and LIN-15A. Amino acid identity is indicated in yellow, conservative substitutions
in purple, and semiconserved substitutions in blue.
For non-null him-17 alleles, the frequency of dead elicit a weak him-17 phenotype (at most one achiasmate
chromosome pair), the unattached chromosomes wereembryos is positively correlated with the number of achi-
asmate chromosomes (Figure 2A, Table 1, and Table invariably the X chromosomes (10/10) (Figure 2A). Fur-
thermore, among him-17(me9) oocytes with 7 DAPI-2). Whereas alleles vary dramatically in their effects on
autosomal segregation (reflected in the percent dead stained bodies, 12/12 contained achiasmate X chromo-
somes.embryos), all alleles confer a severe defect in X chromo-
some segregation (reflected in high male frequencies)
indicating that the X chromosome is more sensitive than Normal Pairing and Synapsis
in him-17(ok424) Mutantsthe autosomes to reduction of him-17 function. Prefer-
ential sensitivity of the X chromosomes was also demon- Failure to form crossovers could reflect a defect in the
recombination process itself, or could result from a de-strated by fluorescence in situ hybridization (FISH) anal-
ysis of diakinesis nuclei. Under RNAi conditions that fect in homologous chromosome pairing or synapsis.
Table 1. him-17 Mutants Exhibit a Him Phenotype Indicative of a Defect in Meiotic Chromosome Segregation
Mean no. of eggs/brood Percent inviable embryos Percent males
Genotype ( std. dev.) (total no. of embryos) (no. of adults scored)
wild type 274  26 0 (822) 0 (822)
him-17(e2806) 226  22 20 (2257) 33 (1799)
him-17(e2707) 229  30 37 (2289) 39 (1421)
him-17(me9) 220  27 55 (2196) 48 (978)
him-17(me24) 225  27 80 (2249) 50 (431)
him-17(ok424) 227  37 95 (2271) 37 (104)
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Figure 2. HIM-17 Is Required for Chiasma Formation but Is Dispensable for Homolog Pairing and Synapsis
(A) Oocyte nuclei at the diakinesis stage of meiotic prophase; each image shows the complete set of DAPI-stained chromosomes (blue) from
a single nucleus. In the left two images, FISH signals for a probe targeting the right end of the X chromosome are shown in red. The wild-
type nucleus contains six bivalents (homolog pairs connected by chiasmata). In the nucleus from a worm in which HIM-17 was partially
depleted by RNAi, 7 DAPI-stained bodies (5 bivalents and 2 univalents) indicate that only one pair of homologs (the X chromosomes) lacks
a chiasma. In the him-17(me24) mutant oocyte, 10 DAPI-stained bodies indicate that only two pairs of homologs had successfully formed
chiasmata. In the him-17(ok424) mutant oocyte, 12 univalent chromosomes indicate an absence of chiasmata between all homolog pairs.
Scale bar equals 2 m.
(B) Homolog pairing and synapsis assayed by FISH, -HIM-3, and -SYP-1 immunostaining in pachytene nuclei from wild-type and him-
17(ok424) mutants; in all images, DAPI-stained chromosomes are shown in blue. In the left images, a FISH probe targeting the 5S rDNA locus
on chromosome V is shown in red; images are projections of 3D data stacks encompassing entire nuclei. Either a single hybridization signal
or a closely spaced doublet is visible in each nucleus for both genotypes, indicating intimate association of homologous chromosomes. In
the central and right images, -HIM-3 and -SYP-1 are shown in red; images are projections halfway through 3D data stacks of whole nuclei.
In both wild-type and him-17 nuclei, -HIM-3 and -SYP-1 localize in continuous stretches at the interface between aligned chromosome
pairs. Scale bar equals 2 m.
We evaluated the status of pairing and synapsis using pachytene nuclei in him-17(ok424) mutant germlines
(Figure 2B, data not shown). Finally, we assessed forma-DAPI staining, FISH, and immunofluorescence of whole-
mount gonads, in which nuclei entering and progressing tion of the synaptonemal complex (SC), the protein-
aceous structure that assembles between paired homo-through various stages of meiotic prophase are present
simultaneously and arranged in a temporal/spatial gradi- logs. Both HIM-3, a meiosis-specific chromosome-axis
protein (Zetka et al., 1999), and SYP-1, a component ofent. In all him-17 mutants, DAPI-stained germlines ap-
pear normal prior to the diakinesis stage; we examined the central region of the mature SC (MacQueen et al.,
2002), localize to meiotic prophase chromosomes withthe morphology of chromosomes in the transition zone,
in which meiotic prophase begins and homolog pairing apparently normal timing in him-17 mutants (data not
shown); moreover, immunolocalization of these proteinsis established, and the pachytene region, where homo-
logs are aligned and synapsed along their entire lengths, at the interface between aligned homologs in pachytene
nuclei is indistinguishable from wild-type (Figure 2B).and found that him-17 mutants were indistinguishable
from wild-type (Figure 2B, data not shown). Further- Together these data indicate that pairing and synapsis
of homologs and normal timing of meiotic prophasemore, FISH experiments targeting three different chro-
mosomal regions indicated normal homolog pairing in progression are not dependent on HIM-17.
Chromatin and DSB Formation in C. elegans
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Table 2. Karyotype Analysis of Diakinesis-Stage Oocytes
Percent of oocyte nuclei with the indicated number of DAPI-stained bodiesa
Genotype 6 7 8 9 10 11 12
a. fixed 48 hr post L4
wild-type 100 0 0 0 0 0 0
him-17(RNAi) weak 77 23 0 0 0 0 0
him-17(e2707) 6 66 15 4 0 4 3
him-17(me9) 7 61 18 5 4 3 0
him-17(me24) 0 2 9 8 23 15 43
him-17(RNAi) strong 0 0 0 0 0 3 97
him-17(ok424) 0 0 0 0 0 5 95
lin-35 100 0 0 0 0 0 0
lin-35/; him-17(me9) 11 69 11 3 6 0 0
lin-35; him-17(me9) 0 12 7 37 23 16 5
b.  -irradiation, fixed 18 hr post L4
him-17(ok424) control 0 0 0 0 0 4 96
him-17(ok424) -irradiated 82 15 2 1 0 0 0
him-17(me24) control 0 0 18 7 25 7 43
him-17(me24) -irradiated 66 18 10 0 3 0 3
him-17(me9) control 7 64 8 9 5 4 3
him-17(me9) -irradiated 78 17 4 1 0 0 0
lin-35; him-17(me9) control 2 15 12 30 19 14 8
lin-35; him-17(me9) -irradiated 71 14 7 2 4 2 0
a Worms were fixed and stained with DAPI as in Villeneuve (1994). The number of DAPI-stained bodies in diakinesis-stage nuclei reflects
success or failure of chiasma formation. Six DAPI-stained bodies reflect successful chiasma formation for all homolog pairs; 12 indicate a
lack of chiasmata for all pairs. Intermediate numbers usually reflect a mixture of chiasmate chromosome pairs (bivalents) and achiasmate
chromosomes (univalents); however, individual univalents in some nuclei may lie too close together to be resolved unambiguously, so the
assay tends to underestimate the incidence of achiasmate chromosomes.
75–100 nuclei were scored for each genotype and condition.
him-17 Is Required for the DSB Step Third, we tested whether depletion of REC-8, a meio-
sis-specific cohesin protein, leads to chromosome frag-of Meiotic Recombination
Several lines of evidence indicate that him-17 is required ments at diakinesis in him-17(ok424) mutants (Figure 4).
In agreement with Pasierbek et al. (2001), we found thatfor formation of the DSBs that initiate meiotic recombi-
nation. First, we monitored foci stained with an antibody rec-8 RNAi results in 24 prematurely separated sister
chromatids as well as several smaller chromosome frag-against the RAD-51 DNA strand exchange protein, pre-
viously shown to reflect nascent recombination interme- ments (90% of diakinesis nuclei contained extra DAPI-
stained bodies; mean of 2.1  1.0 fragments/nucleus,diates that depend on prior DSB formation (Alpi et al.,
2003; Colaiacovo et al., 2003). Whereas RAD-51 foci are n  24). The presence of such fragments is SPO-11-
dependent (Pasierbek et al., 2001) and thus can servereadily detected in the majority of nuclei in the mid-
pachytene region in wild-type germlines, meiotic RAD- as an assay for formation of DSBs by SPO-11. When
we depleted REC-8 in him-17(ok424) worms, we ob-51 foci are essentially absent in him-17(ok424) mutant
germlines (Figure 3). served 24 intact-appearing chromatids but no chromo-
some fragments at diakinesis (mean of 0.0  0.2 frag-Second, we assessed chromosome morphology in
diakinesis oocytes after depletion of RAD-51 by RNAi ments/nucleus, n  42, p  .0001).
DNA breaks induced by -irradiation can bypass the(Figure 4). rad-51 RNAi results in poorly condensed and
aggregated chromosomes at diakinesis (Takanami et requirement for SPO-11 during C. elegans meiosis, pro-
ducing functional chiasmata (Dernburg et al., 1998; Kellyal., 1998; Rinaldo et al., 2002); as this phenotype is SPO-
11-dependent, it appears to be a consequence of a et al., 2000). Since the him-17(ok424) mutant behaves
identically to a spo-11 null mutant in the above assays,defect in repair of DSBs. Following rad-51 RNAi in him-
17(ok424) worms, we observed intact-appearing, con- we investigated whether -irradiation might similarly
bypass the chiasma formation defect in him-17 mutants.densed univalents similar to those seen in control him-
17(ok424) worms. We exposed him-17(ok424) worms to 5000 rads of
Table 3. Absence of Crossover Recombination in him-17(ok424) Mutants
Recombinant Total Map Distance
Genotype Progeny Progeny (cM)
/(him-17 or ); dpy-3 unc-3/ 526 1655 hermaphrodites 40
him-17/him-17; dpy-3 unc-3/ 0 259 hermaphrodites 0.3
154 males
Recombination analysis was performed as in Kelly et al. (2000). The him-17 allele used was ok424.
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Figure 3. Quantitative Time Course Analysis of RAD-51 Foci Reflecting DSB-Dependent Meiotic Recombination Intermediates
(A) Midpachytene nuclei from wild-type and him-17(ok424) mutant germlines. DAPI-stained chromosomes are in blue, -RAD-51 in red; images
are projections of 3D data stacks encompassing entire nuclei. Foci are present in wild-type nuclei, but absent from him-17(ok424) nuclei.
Scale bar equals 2 m.
(B) Diagram indicating the positions of germline zones used in time-course analysis. Zones 1 and 2 contain mostly premeiotic nuclei; zone 3
corresponds to the transition zone, which contains nuclei in the leptotene/zygotene stages; and zones 4–7 span early through late pachy-
tene stage.
(C) Histograms depicting quantitation of RAD-51 foci in germlines of the indicated genotypes. Each column color represents a class of nuclei
defined by the numbers of foci they contain, as indicated. The 12 foci/nucleus class includes nuclei of germ cells undergoing apoptosis
(Colaiacovo et al., 2003). The y axis indicates the percent of nuclei in each class, and the x axis indicates the germline zone scored.
-irradiation and assayed chiasmata in diakinesis nuclei real-time quantitative RT-PCR indicates that spo-11
transcripts are present at normal levels in him-17(ok424)18 hr later. Irradiation very efficiently induced chiasmata:
96% of chromosome pairs were detected as bivalents mutant worms (data not shown).
(Figure 4, Table 2), a response identical to that seen in
the spo-11 mutant. Similar results were obtained for Delayed Appearance of RAD-51 Foci in him-17
Non-Null Mutantshim-17(me24) and him-17(me9) worms (Table 2). More-
over, radiation-induced chiasmata appear to be func- We also monitored the kinetics of appearance and dis-
appearance of RAD-51 foci in the germlines of him-tional, as we observed an increase in progeny viability
likely reflecting improved chromosome segregation 17(me9) and him-17(e2707) mutants, which are partially
defective for HIM-17 function and appear superficially(data not shown). To date, him-17 and spo-11 are the
only C. elegans mutants reported for which chiasma quite successful at autosomal recombination based on
incidence of chiasmata at diakinesis (Table 2). Theseformation can be rescued by radiation-induced DSBs.
Beyond reinforcing the conclusion that him-17 mutants mutants exhibit a delay in both the appearance and
disappearance of RAD-51 foci (Figure 3). In the wild-are defective in making SPO-11-induced DSBs, these
results indicate that the machinery required to convert type time course, RAD-51 foci first became abundant in
early pachytene (zone 4), where 39% of nuclei containedDSBs into chiasmata is present and functional in him-
17 mutants. The DSB formation defect in him-17 mutants foci; foci reached peak levels in zone 5 (early/mid pachy-
tene), and were largely absent by late pachytene (zonedoes not appear to be due to absence of SPO-11, as
Chromatin and DSB Formation in C. elegans
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In premeiotic and early prophase nuclei up to and includ-
ing the pachytene stage, HIM-17::GFP is concentrated
on DAPI-stained chromatin (Figure 5). As nuclei exit
pachytene and progress through diplotene into the dia-
kinesis stage, HIM-17::GFP remains concentrated in the
nucleus but is no longer restricted to chromatin. After
fertilization, HIM-17::GFP is detected at low levels in
early embryos until about the 16-cell stage.
Altered Accumulation of H3MeK9 Chromatin
Modification in him-17 Mutant Germlines
The localization of HIM-17::GFP to chromatin led us to
investigate whether HIM-17 plays a role in chromatin
modification. We used antibodies that detect different
covalent modifications of histone H3 and H4 tails (Jenu-
wein and Allis, 2001) to stain germline chromosomes
in him-17 mutant hermaphrodites and males. We first
assessed staining with antibodies against modifications
correlated with transcriptionally active chromatin (e.g.,
histone H4 acetylation at lysine 5, 8, 12, or 16; see Ex-
perimental Procedures for list), none of which showed
any obvious difference between wild-type and him-
17(ok424) mutant germlines (data not shown).
We then stained germlines with -histone H3 di-
methyl-lysine 9 (H3MeK9), which recognizes a modi-
fication correlated with heterochromatin and other
transcriptionally inactive DNA (Lachner and Jenuwein,
2002). In wild-type hermaphrodites, a single focus of
-H3MeK9 staining is observed beginning in early/mid
Figure 4. Evidence that him-17 Is Required Specifically for the DSB pachytene nuclei, and as nuclei progress through
Step of Meiotic Recombination pachytene into diplotene, chromosomes accumulate in-
Each image shows the DAPI-stained chromatin in a single diakine- creasing levels of staining (Figure 6A) (Kelly et al., 2002).
sis-stage oocyte nucleus from the indicated worms; arrows indicate him-17(ok424) hermaphrodite germlines displayed a
chromosome fragments in the rec-8RNAi oocyte. Scale bar equals markedly altered pattern of H3MeK9 accumulation, in-
2 m. See Results for description.
dicative of a severe reduction and/or delay in accumula-
tion of this modification: in him-17(ok424) hermaphro-
dites, we did not detect nuclei with a single focus of7, 10% of nuclei had foci). In contrast, foci were very
-H3MeK9 staining until mid-to-late pachytene, andinfrequent in zone 4 of both him-17(me9) and him-
staining was not seen on multiple chromosomal regions17(e2707) germlines, with only 14% and 7% of nuclei
in the mutant germlines until late pachytene/diplotenecontaining foci, respectively; foci first became abundant
(Figure 6A).in zone 5 and did not reach peak levels until zone 6. In
him-17(ok424) male germlines also display a markedaddition, foci were present at elevated levels in late
reduction in -H3MeK9 staining. In wild-type XO malepachytene (zone 7) in him-17(me9) and him-17(e2707)
germlines, the partnerless X chromosome is a highlymutants, with over half the nuclei containing foci. De-
condensed heterochromatic body (Goldstein, 1982) thatlayed appearance of RAD-51 foci suggests that there is
stains heavily with the H3MeK9 antibody (Kelly et al.,a delay in acquisition of competence for DSB formation
2002); fainter staining is observed on the autosomes. Inin these mutants.
him-17(ok424) male germlines, we observed a striking
reduction of H3MeK9 antibody staining in pachyteneHIM-17::GFP Localizes to Germline Chromatin
nuclei: the X chromosomes do not stain brightly, andTo visualize the HIM-17 protein, we generated worms
staining is reduced on the autosomes as well (Figurecarrying a chromosomally integrated transgene ex-
6B). Reduced X chromosome staining was also seen inpressing a HIM-17::GFP fusion protein under control of
him-17(me24) mutant males (Figure 6B).the him-17 promoter. As this transgenic line is not sub-
Altered -H3MeK9 staining in him-17 mutant germ-ject to germline silencing or cosuppression of the en-
lines is not a consequence of a failure to initiate recombi-dogenous him-17 gene, the transgene is likely present
nation, as accumulation of the H3MeK9 modificationin single- or low-copy. The transgene locus provides
appears normal in spo-11 mutant worms (data notsufficient HIM-17 activity to rescue the him-17(ok424)
shown). Furthermore, reduced or delayed accumulationmutant phenotype, indicating that HIM-17::GFP is prop-
of histone H3 methylation does not appear to result fromerly localized and functional.
a general delay in progression through meiosis, as otherThe HIM-17::GFP fusion protein is strongly expressed
events in meiotic prophase occur on schedule (seein the germline and localizes to virtually all germline
nuclei in L4 larvae and adult hermaphrodites and males. above).
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Figure 5. HIM-17::GFP Localizes to Chromatin in Germline Nuclei
Immunolocalization of HIM-17::GFP in germline nuclei of him-17(ok424) hermaphrodites carrying a rescuing him-17::gfp transgene.
(A) Low magnification images showing premeiotic nuclei and nuclei progressing through all stages of meiotic prophase, oriented from left to
right. HIM-17::GFP (green) is present in all nuclei in the germ line, and is localized mainly on chromatin in all stages prior to diakinesis, when
HIM-17::GFP is detected throughout the nucleoplasm. Scale bar equals 4 m.
(B) High magnification images of pachytene stage nuclei, showing that HIM-17::GFP is concentrated on chromatin. In the merged image, HIM-
17::GFP is shown in green and DAPI-stained chromosomes are in blue. Images are projections approximately halfway through 3D data stacks
of whole nuclei; scale bar equals 2 m.
Inactivation of lin-35/Rb Enhances the Phenotype (Kelly et al., 2000; Chin and Villeneuve, 2001). We found
that -irradiation could bypass the chiasma formationof a him-17 Non-Null Mutant
Identification of conserved HIM-17 C2CH motifs in three defect of lin-35(n745); him-17(me9) worms (Table 2),
supporting the interpretation that DSB formation is di-different proteins previously shown to interact geneti-
cally with LIN-35/Rb raised the possibility that LIN-35/ minished in this double mutant. Taken together, these
results suggest a role for LIN-35/Rb in promoting meioticRb might play a role in promoting meiotic recombination.
Whereas no obvious phenotype is seen in worms homo- DSB formation.
zygous for the null mutation lin-35(n745), several biologi-
cal roles have been revealed for this gene through syn- Discussion
thetic phenotypes in double mutants (e.g., Ferguson and
Horvitz, 1989; Hsieh et al., 1999; Boxem and van den A Link between Chromatin Status and Acquisition
of Competence for Meiotic DSB FormationHeuvel, 2001; Fay et al., 2003). Thus, we investigated
the involvement of LIN-35/Rb in meiotic recombination We have provided multiple lines of evidence demonstra-
ting that HIM-17, a protein that localizes broadly onby testing whether loss of lin-35 function could enhance
the meiotic recombination defects caused by a non-null germline chromatin, is required for meiotic cells to ac-
quire competence for formation of the SPO-11-depen-him-17 allele.
lin-35(n745); him-17(me9) double-mutant hermaphro- dent DSBs that initiate meiotic recombination. Further-
more, we have shown that -irradiation can bypass thedites exhibited both an increase in the frequency of
achiasmate chromosomes (Table 2) and a reduction in chiasma formation defect seen in him-17 mutants, indi-
cating that all components of the recombination machin-levels of RAD-51 foci (Figure 3C) compared with him-
17(me9) single mutants. A decrease in chiasma forma- ery downstream of DSB formation are present and func-
tional in him-17 mutants. Together our data define a roletion accompanied by a decrease in RAD-51 foci could
reflect reduced DSB formation or impaired conversion for HIM-17 in the recombination process, specifically in
mediating the DSB step.of breaks into chiasmata (presumably due to impaired
loading of RAD-51). We used the response of the lin- How might HIM-17 function to promote DSB forma-
tion? One clue comes from the observation that loss of35(n745); him-17(me9) double mutant to -irradiation
to help distinguish between these possibilities, as an HIM-17 function results in a severe reduction and/or
delay in the acquisition of the dimethyl-K9 modificationincreased number of DSBs in a repair-defective back-
ground is not expected to restore chiasma formation of histone H3 on germline chromatin. The increasing
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Figure 6. Altered -H3MeK9 Staining in him-
17 Mutant Germlines
-H3MeK9 immunostaining in wild-type and
him-17 mutant germlines. DAPI-stained chro-
mosomes are in blue; -H3MeK9 is in red.
Images are projections of 3D data stacks en-
compassing entire nuclei.
(A) Low magnification images of hermaphro-
dite germlines, oriented as in Figure 5. In the
wild-type germ line, -H3MeK9 staining is de-
tected first as a single focus in nuclei in the
early/mid-pachytene region and then in in-
creasing amounts on chromatin in nuclei in
the latter half of the pachytene region; in the
him-17(ok424) mutant germline, staining ap-
pears much later in the pachytene region and
at substantially reduced levels. Scale bar
equals 4 m.
(B) High-magnification images of nuclei at the
mid-pachytene stage in XO male germlines.
The brightly staining chromosome in the wild-
type male corresponds to the partnerless X
chromosome; staining is greatly diminished
in the him-17 males. Scale bar equals 2 m.
accumulation of -H3MeK9 staining on wild-type chro- shown to interact genetically with lin-35/Rb (Ferguson
and Horvitz, 1989; this work). lin-15A, lin-15B, lin-36,matin as nuclei progress through the pachytene stage
suggests that a gradual compaction of chromatin occurs and lin-35/Rb itself were all identified initially based on
synthetic interactions whereby simultaneous mutationduring meiotic prophase progression in C. elegans, and
the dependence of this accumulation on HIM-17 estab- of a class “A” gene (e.g., lin-15A) and a class “B” gene
(e.g., lin-15B, lin-36, lin-35/Rb) led to derepression oflishes a link between histone modification and compe-
tence for DSB formation. However, it remains an open the vulval cell fate program (the SynMuv phenotype).
Rb proteins in mammalian cells have been shown toquestion whether the presence of H3MeK9 per se is a
prerequisite for DSB formation, or whether H3MeK9 and promote the formation of repressive chromatin structure
through interactions with chromatin-remodeling com-DSBs are separate readouts of the effects of HIM-17 on
the state of meiotic prophase chromatin. We note that plexes containing enzymes such as histone deacety-
lases and the histone methylase SUV39H1 (Weintraub etthe timing of accumulation of cytologically detectable
H3MeK9 does not correlate with acquisition of DSB al., 1995; Brehm et al., 1998; Luo et al., 1998; Magnaghi-
Jaulin et al., 1998; Nielsen et al., 2001). Furthermore,competence (levels of -H3MeK9 staining rise while
RAD-51 foci decline in abundance), but it is possible conserved components of chromatin-remodeling com-
plexes have been shown to function in the SynMuv path-that low levels of H3MeK9 present early in prophase but
not detectable by our assay could be a prerequisite for way in C. elegans (Lu and Horvitz, 1998; Solari and Ah-
ringer, 2000). In light of these relationships and our ownDSB formation.
A second major clue comes from our analysis of the data demonstrating that HIM-17 is required to promote
normal acquisition of H3MeK9 on meiotic prophaseHIM-17 protein sequence. A substantial fraction of HIM-
17 is comprised of six large repeated C2CH modules, chromosomes, we suggest that the C2CH motifs in
C. elegans may constitute a signature for a class offour of which clearly correspond to a widely conserved
putative DNA binding motif, and one that is more di- chromosomal proteins that modulate access to chroma-
tin remodeling and/or modifying complexes.verged yet is found in several nematode proteins. The
C. elegans genome encodes 15 proteins with 1 to 6 of Taking into account the dependence of H3MeK9 ac-
cumulation on HIM-17, the motifs that HIM-17 shares inthese large C2CH modules (A.M.V., unpublished data);
only four correspond to named genes for which biologi- common with proteins that collaborate with LIN-35/Rb
to promote repression, and the evidence that LIN-35/cal roles have been identified. Remarkably, all four of
these (him-17, lin-15A, lin-15B, and lin-36) have been Rb itself can modulate DSB levels, our data are best
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explained by proposing that a certain degree of chroma- evidence from multiple experimental systems indicates
that generation of DSBs does not occur continuouslytin compaction is a prerequisite for meiotic DSB forma-
throughout meiotic prophase, as DSB-dependent re-tion by SPO-11. The direction of chromatin modulation
combination intermediates peak in abundance and thensuggested by our results to promote DSB formation (i.e.,
diminish as recombination proceeds to regenerate in-toward a more closed chromatin state) was unexpected
tact chromosomes (Bishop, 1994; Ashley et al., 1995;in light of data from yeast indicating that hotspots for
Terasawa et al., 1995; Barlow et al., 1997; Moens et al.,DSB formation are correlated with an open chromatin
1997; Franklin et al., 1999; Alpi et al., 2003; Colaiacovoconfiguration. In S. cerevisiae, DSB hotspots typically
et al., 2003). This implies that meiotic cells control notoccur in promoter-containing regions and regions
only when Spo11 becomes active for DSB formation,shown to be nuclease-hypersensitive in both mitotic and
but also when it ceases to be active. In several systemsmeiotic cells (Ohta et al., 1994; Wu and Lichten, 1994;
where the Spo11 protein has been visualized, it is clearFan and Petes, 1996; Keeney and Kleckner, 1996; Bau-
that cessation of DSB formation is not controlled bydat and Nicolas, 1997). Furthermore, it was recently
elimination of the protein, as Spo11 remains in the nu-shown that both histone acetyltransferase Gcn5 and
cleus and/or continues to accumulate on chromosomeschromatin-remodeling factor Snf22 promote local chro-
past the time when it is active in DSB formation (Ro-matin remodeling at the M26 recombination hotspot in
manienko and Camerini-Otero, 2000; Storlazzi et al.,S. pombe and are required for normal levels and timing
2003). This suggests that the timing of DSB formationof DSBs at the hotspot (Yamada et al., 2004). These
is regulated either by modifying Spo11 to inactivate itsfindings imply that a local open chromatin configuration
function or by limiting access of Spo11 to the chromo-can promote DSB formation, presumably by allowing
somal substrate. We have discussed above the ideathe DSB machinery access to its DNA substrate. The
that a certain degree of compaction is required to ac-apparent disparity between the yeast and C. elegans
quire DSB competence during meiotic progression inresults can be reconciled by supposing that compaction
C. elegans. We now expand our argument to proposeof one region of a chromatin loop might be accompanied
a model in which both the timing of entry into and exitby a compensatory opening in another region, analo-
from the state of competence for DSB formation may begous to well-known properties of DNA molecules under
accomplished by a progressive compaction of meioticstructural constraint. Another possibility is suggested by
prophase chromatin. Several observations (below) in-a model proposing that a crucial step in DSB formation
form our thinking.might be a transition converting a reversible Spo11
First, a partial loss of HIM-17 function results in acleavage complex that is continuously breaking and re-
delay in both the initial appearance and the peak ofjoining DNA molecules (the trademark reaction of its
RAD-51 foci. It is unlikely that this shift reflects a delaytopoisomerase homologs) into an irreversible Spo11-
in the loading of RAD-51 at DSBs that occur with normalDNA complex. Inspired by mechanical models for chro-
timing, since radiation-induced breaks yield chiasmatamosome transitions proposed by Kleckner et al. (2004),
in him-17 mutants with similar efficiency and in the sameKeeney (2001) suggested that this transition might be
time frame as seen for the spo-11 mutant, implying thataccomplished by stress along the chromosome provid-
HIM-17 is not required for steps subsequent to DSBing a mechanical force driving disruption of Spo11 di-
formation. Instead we favor the conclusion that reducingmers. We suggest that compaction in part of a chromatin
HIM-17 function delays the onset of DSB formation byloop could promote DSB formation by elevating stress
slowing down progression of a process that leads toin another region of the loop to a level sufficient to trigger
acquisition of DSB competence. The phenotype of thesuch a transition, perhaps by imposing constraints that
him-17 non-null mutants further suggests that late ac-limit chromosome expansion. Either of these ideas fits
quisition of competence for DSB formation may be dan-with our observation that the HIM-17::GFP and DAPI
gerous, as we found elevated apoptosis levels in these
profiles of meiotic chromosomes, although largely coin-
mutant germlines (data not shown).
cident, are not identical, suggesting that HIM-17 might
The second relevant observation is a temporal corre-
act only upon a subset of meiotic chromatin. lation. RAD-51 foci peak in abundance in early-mid
While we clearly favor the idea that HIM-17 promotes pachytene during wild-type C. elegans meiosis and de-
DSB formation through effects on chromosome struc- cline thereafter, implying that new DSBs are no longer
ture, we note that we cannot formally exclude the possi- formed during the latter half of pachytene. Moreover,
bility that loss of DSBs in him-17 mutants might be the decline and disappearance of RAD-51 foci coincides
caused by lack of expression of an unidentified DSB- temporally with the gradual increase in abundance of
promoting gene. However, as we have evidence that all cytologically detectable H3MeK9 on meiotic prophase
known meiotic machinery genes are expressed in him- chromosomes, which reaches maximal levels at the end
17 mutants, we consider this explanation unlikely. of the pachytene stage. We have already proposed that
a certain degree of chromatin compaction, dependent
Timing of DSB Competence: The “Window on HIM-17, may be required to achieve a state of DSB
of Opportunity” Model competence; the correlation between the kinetics of ac-
It is important for meiotic cells to control the timing cumulation of detectable H3MeK9 and the loss of DSB
of Spo11-induced DSB formation, as DSBs constitute competence raises the possibility that further compac-
lesions that could potentially destroy the genome. DSBs tion of chromatin (also dependent on HIM-17) might
must occur early enough to allow sufficient time for subsequently result in a chromatin state no longer ac-
accurate repair and completion of crossing over and cessible to the DSB machinery.
Third, a model in which progressive compaction ofchiasma formation by the end of prophase I. Moreover,
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LG I: lin-35(n745)chromatin dictates a “window of opportunity” for DSB
LG III: unc-119(e2498)competence can readily explain a striking feature of our
LG IV: spo-11(ok79), nT1[unc-?(n754) let-?(m435)] (IV, V)data, the observation that the X chromosome is more
LG V: him-17(e2806, e2707, me9, me24, ok424), yDf12, arDf1
sensitive than the autosomes to partial loss of HIM-17 LG X: dpy-3(e27), unc-3(e151)
function. It is well established that a variety of parame- me9 and me24 were generated by EMS as in Villeneuve (1994)
ters distinguish the X chromosome from the autosomes and Kelly et al. (2000), respectively. e2707 and e2806 were isolated
by J. Hodgkin (personal communication) in the course of unrelatedduring meiotic prophase in C. elegans. Each of the au-
screens. me9 was mapped between stP23 and stP6 on LGV as intosomes has a central gene-rich region in which recom-
Williams et al. (1992), and was positioned to the right of unc-42 andbination is suppressed, whereas both physical density
near or to the right of sqt-3 by 3-factor crosses. This interval contains
of genes and recombination are more uniformly distrib- T09E8.2, a gene for which RNAi phenocopied him-17 meiotic defects
uted on the X (Brenner, 1974; Barnes et al., 1995). In (Colaiacovo et al., 2002). Sequencing identified a single base change
addition, germline- and spermatogenesis-enriched genes in T09E8.2 in each of the EMS alleles. ok424 was generated by the
Caenorhabditis Gene Knockout Consortium.(Reinke et al., 2000) as well as genes that are essential
All experiments were performed at 20	C under standard condi-for embryonic viability (Kamath et al., 2003) are highly
tions (Brenner, 1974). Under these standard culture conditions, germunderrepresented on the X chromosome. Furthermore,
line development in him-17 mutants occurs normally with respectwhile autosomes stain heavily with antibodies to histone
to mitotic growth, meiotic entry, orderly progression through meiotic
modifications that correlate with transcriptionally active prophase, and the switch from spermatogenesis to oogenesis; de-
chromatin, both the paired X chromosomes in the her- fects appear restricted to the specific meiotic prophase events de-
maphrodite and the partnerless X chromosome in males scribed in Results. At the elevated growth temperature of 25	C, all
him-17 alleles and him-17 RNAi confer additional, variable, defectsexhibit a striking reduction in staining with these anti-
in germ line development, reflecting a temperature-sensitive re-bodies (Kelly et al., 2002). These features suggest that
quirement for HIM-17 function (J. Hodgkin, personal communica-the X chromosomes may be primed to shut down access
tion; K.C.R. and A.M.V., unpublished observations); these will be
to the DSB machinery earlier than the autosomes. More- described in detail elsewhere.
over, we know that at least some of the special X chro-
mosome attributes are HIM-17 independent, as the RNA Interference
X/autosome differences in histone acetylation are still Double-stranded RNA (dsRNA) for rad-51RNAi and rec-8RNAi was gen-
erated as in Colaiacovo et al. (2003). dsRNA for him-17RNAi waspresent in him-17(ok424) mutant germlines. The prefer-
produced as in Colaiacovo et al. (2002). Two different primer setsential absence of chiasmata connecting X chromo-
were used to make templates for him-17 dsRNA: TAATACGACTsomes caused by partial loss of HIM-17 function can
CACTATAGCGTAATGCAGTGTTGGAAA and TAATACGACTCACTATbe readily explained if the “window of opportunity” of
ACGGAACGGCGACTTATGTAT (weak phenotype); TAATACGACT
competence for DSB formation is shorter for the X than CACTATATCAATAGGAAAAGATCGCGG and TAATACGACTCACTAT
the autosomes, such that the window for the X closes ATTGATTCTTCAAACTCCGGC (strong phenotype). RNAi was per-
earlier. It may be that the acquisition of competence for formed as in Colaiacovo et al. (2002).
DSB formation in him-17 non-null mutants is delayed
Immunostaining, DAPI Analysis, and FISHuntil after the window is already closed for the X, re-
DAPI staining, immunostaining, and imaging of meiotic nuclei weresulting in the X chromosomes being unable to initiate
performed as in MacQueen and Villeneuve (2001) except that anmeiotic recombination.
equal volume of 0.1% Triton was added to worms prior to fixation,
and primary antibody incubation was performed at room tempera-
Conclusions ture. The following antibodies were used at a dilution of 1:200: rabbit
anti-histone H3 (methyl K4, diacetyl K9, dimethyl K9, phospho S10,
We have demonstrated that the chromatin-associated diacetyl K14, dimethyl K27, phospho S28) (Upstate Biotechnology);
rabbit anti-histone H4 (acetyl K5, acetyl K8, acetyl K12, acetyl K16,protein HIM-17 plays a role both in the acquisition of
methyl K20) (Upstate Biotechnology); rabbit anti-SYP-1 (MacQueencompetence for initiation of meiotic recombination by
et al., 2002), anti-RAD-51 (Colaiacovo et al., 2003), anti-HIM-3 (Zetkathe SPO-11 enzyme and in promoting proper accumula-
et al., 1999), anti-GFP (Abcam). Secondary antibodies were Cy3 anti-
tion of the H3MeK9 modification during meiotic pro- rabbit (Jackson Immunochemicals) or Alexa Fluor 555 anti-rabbit
phase progression. We have also identified conserved (Molecular Probes) at 1:200.
structural motifs present in HIM-17 and several proteins FISH was performed as in Zalevsky et al. (1999) using a probe to
the 5S rDNA locus (chromosome V) and probes derived from YACthat interact genetically with LIN-35/Rb, and have pro-
clones Y68A3 (right end of X) and Y51E2 (left end of X).vided evidence for the involvement of LIN-35/Rb itself
in promoting meiotic recombination. Together these
Time Course Analysis for RAD-51 Focifindings support a role for the modulation of chromatin
Quantitative analysis of RAD-51 foci was performed as in Colaiacovostate in the regulation of DSB competence. Furthermore,
et al. (2003), except that seven zones (36 
 36 m) were scored.
our “window of opportunity” model could explain how Four germlines were scored for each genotype. The average number
the dangerous DSB-forming activity of SPO-11 is con- of nuclei scored per zone for a given genotype was as follows, 
strained to occur solely within a structural context that standard deviation: zone 1, n  150  7; zone 2, n  168  15;
is exquisitely proficient for repairing DSBs in a manner zone 3, n  137  16; zone 4, n  121  17; zone 5, n  113  16;
zone 6, n  100  10; and zone 7, n  75  13.that can promote successful segregation of homolo-
gous chromosomes.
Generation of HIM-17::GFP-Expressing Strain
The him-17 coding region plus 1.5 kb of upstream sequence wasExperimental Procedures
amplified from genomic DNA using primers CCCGAGCTCGGGCC
CAATCTACTCTCAGTCGTG and GGGGTACCCCGTCCACAACTTGGenetics
TTCAAC. The PCR product was digested with SacI and KpnI andThe wild-type C. elegans strain background was Bristol N2. Muta-
cloned into plasmid pEGFP-N1 (Clontech) to generate a fusion oftions and chromosome rearrangements used were (Riddle et al.,
1997; Dernburg et al., 1998; Lu and Horvitz, 1998; this work): full-length him-17 coding sequence to the N terminus of GFP. The
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resulting plasmid was digested with NotI and SacI, and the HIM- quired for meiotic recombination and DNA repair but is dispensable
for the meiotic G2 DNA damage checkpoint. Genes Dev. 15, 522–534.17::GFP fragment was cloned into plasmid pMM051, which contains
an unc-119 rescuing fragment. Transgenic lines were generated by Clark, S.G., Lu, X., and Horvitz, H.R. (1994). The Caenorhabditis
the microparticle bombardment method (Praitis et al., 2001). HIM- elegans locus lin-15, a negative regulator of a tyrosine kinase signal-
17::GFP was detected in virtually all germ line nuclei of L4 larvae ing pathway, encodes two different proteins. Genetics 137, 987–997.
and adults, and was seen exclusively in the germ line in about half
Colaiacovo, M.P., Stanfield, G.M., Reddy, K.C., Reinke, V., Kim,the animals examined; in the remaining animals, a few somatic cells
S.K., and Villeneuve, A.M. (2002). A targeted RNAi screen for genesin nonreproducible positions showed sporadic expression of the
involved in chromosome morphogenesis and nuclear organizationtransgene.
in the Caenorhabditis elegans germline. Genetics 162, 113–128.
Colaiacovo, M.P., MacQueen, A.J., Martinez-Perez, E., McDonald,Acknowledgments
K., Adamo, A., La Volpe, A., and Villeneuve, A.M. (2003). Synaptone-
mal complex assembly in C. elegans is dispensable for loadingWe acknowledge L. Yip and K. Kelly for initial characterization of
strand-exchange proteins but critical for proper completion of re-me9 and me24. We thank J. Hodgkin, the Caenorhabditis Genetics
combination. Dev. Cell 5, 463–474.Center, and the Caenorhabditis Gene Knockout Consortium for
strains, M. Zetka for the HIM-3 antibody, and E. Ralston for technical Davis, L., Barbera, M., McDonnell, A., McIntyre, K., Sternglanz, R.,
help. We thank J. Engebrecht and members of the laboratory for Jin, Q., Loidl, J., and Engebrecht, J. (2001). The Saccharomyces
discussions and critical reading of the manuscript. The work was cerevisiae MUM2 gene interacts with the DNA replication machinery
supported by an Esther Ehrman Lazard Faculty Scholar Award and and is required for meiotic levels of double strand breaks. Genetics
NIH Grants R01GM53804 and R01GM67268 to A.M.V. and by an 157, 1179–1189.
NSF Predoctoral Fellowship to K.C.R. Dernburg, A.F., McDonald, K., Moulder, G., Barstead, R., Dresser,
M., and Villeneuve, A.M. (1998). Meiotic recombination in C. elegans
Received: February 12, 2004 initiates by a conserved mechanism and is dispensable for homolo-
Revised: June 21, 2004 gous chromosome synapsis. Cell 94, 387–398.
Accepted: July 6, 2004
Eddy, S.R. (1998). Profile hidden Markov models. Bioinformatics
Published: August 19, 2004
14, 755–763.
Evans, D.H., Li, Y.F., Fox, M.E., and Smith, G.R. (1997). A WD repeatReferences
protein, Rec14, essential for meiotic recombination in Schizosac-
charomyces pombe. Genetics 146, 1253–1264.Alpi, A., Pasierbek, P., Gartner, A., and Loidl, J. (2003). Genetic and
Fan, Q.Q., and Petes, T.D. (1996). Relationship between nuclease-cytological characterization of the recombination protein RAD-51 in
hypersensitive sites and meiotic recombination hot spot activity atCaenorhabditis elegans. Chromosoma 112, 6–16.
the HIS4 locus of Saccharomyces cerevisiae. Mol. Cell. Biol. 16,Arora, C., Kee, K., Maleki, S., and Keeney, S. (2004). Antiviral protein
2037–2043.Ski8 is a direct partner of Spo11 in meiotic DNA break formation,
independent of its cytoplasmic role in RNA metabolism. Mol. Cell Fay, D.S., Large, E., Han, M., and Darland, M. (2003). lin-35/Rb and
13, 549–559. ubc-18, an E2 ubiquitin-conjugating enzyme, function redundantly
to control pharyngeal morphogenesis in C. elegans. DevelopmentAshley, T., Plug, A.W., Xu, J., Solari, A.J., Reddy, G., Golub, E.I.,
130, 3319–3330.and Ward, D.C. (1995). Dynamic changes in Rad51 distribution on
chromatin during meiosis in male and female vertebrates. Chro- Ferguson, E.L., and Horvitz, H.R. (1989). The multivulva phenotype
mosoma 104, 19–28. of certain Caenorhabditis elegans mutants results from defects in
two functionally redundant pathways. Genetics 123, 109–121.Barlow, A.L., Benson, F.E., West, S.C., and Hulten, M.A. (1997).
Distribution of the Rad51 recombinase in human and mouse sper- Franklin, A.E., McElver, J., Sunjevaric, I., Rothstein, R., Bowen, B.,
matocytes. EMBO J. 16, 5207–5215. and Cande, W.Z. (1999). Three-dimensional microscopy of the
Rad51 recombination protein during meiotic prophase. Plant CellBarnes, T.M., Kohara, Y., Coulson, A., and Hekimi, S. (1995). Meiotic
11, 809–824.recombination, noncoding DNA and genomic organization in Caeno-
rhabditis elegans. Genetics 141, 159–179. Furuse, M., Nagase, Y., Tsubouchi, H., Murakami-Murofushi, K.,
Shibata, T., and Ohta, K. (1998). Distinct roles of two separableBaudat, F., and Nicolas, A. (1997). Clustering of meiotic double-
in vitro activities of yeast Mre11 in mitotic and meiotic recombina-strand breaks on yeast chromosome III. Proc. Natl. Acad. Sci. USA
tion. EMBO J. 17, 6412–6425.94, 5213–5218.
Gardiner, J.M., Bullard, S.A., Chrome, C., and Malone, R.E. (1997).Bergerat, A., de Massy, B., Gadelle, D., Varoutas, P.C., Nicolas, A.,
Molecular and genetic analysis of REC103, an early meiotic recombi-and Forterre, P. (1997). An atypical topoisomerase II from Archaea
nation gene in yeast. Genetics 146, 1265–1274.with implications for meiotic recombination. Nature 386, 414–417.
Bishop, D.K. (1994). RecA homologs Dmc1 and Rad51 interact to Goldstein, P. (1982). The synaptonemal complexes of Caenorhab-
form multiple nuclear complexes prior to meiotic chromosome syn- ditis elegans: pachytene karyotype analysis of male and hermaphro-
apsis. Cell 79, 1081–1092. dite wild-type and him mutants. Chromosoma 86, 577–593.
Borde, V., Goldman, A.S., and Lichten, M. (2000). Direct coupling Hsieh, J., Liu, J., Kostas, S.A., Chang, C., Sternberg, P.W., and Fire,
between meiotic DNA replication and recombination initiation. Sci- A. (1999). The RING finger/B-box factor TAM-1 and a retinoblas-
ence 290, 806–809. toma-like protein LIN-35 modulate context-dependent gene silenc-
ing in Caenorhabditis elegans. Genes Dev. 13, 2958–2970.Boxem, M., and van den Heuvel, S. (2001). lin-35 Rb and cki-1 Cip/
Kip cooperate in developmental regulation of G1 progression in Jenuwein, T., and Allis, C.D. (2001). Translating the histone code.
C. elegans. Development 128, 4349–4359. Science 293, 1074–1080.
Brehm, A., Miska, E.A., McCance, D.J., Reid, J.L., Bannister, A.J., Jiao, K., Salem, L., and Malone, R. (2003). Support for a meiotic
and Kouzarides, T. (1998). Retinoblastoma protein recruits histone recombination initiation complex: interactions among Rec102p,
deacetylase to repress transcription. Nature 391, 597–601. Rec104p, and Spo11p. Mol. Cell. Biol. 23, 5928–5938.
Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genetics Johzuka, K., and Ogawa, H. (1995). Interaction of Mre11 and Rad50:
77, 71–94. two proteins required for DNA repair and meiosis-specific double-
strand break formation in Saccharomyces cerevisiae. GeneticsCao, L., Alani, E., and Kleckner, N. (1990). A pathway for generation
139, 1521–1532.and processing of double-strand breaks during meiotic recombina-
tion in S. cerevisiae. Cell 61, 1089–1101. Kamath, R.S., Fraser, A.G., Dong, Y., Poulin, G., Durbin, R., Gotta,
M., Kanapin, A., Le Bot, N., Moreno, S., Sohrmann, M., et al. (2003).Chin, G.M., and Villeneuve, A.M. (2001). C. elegans mre-11 is re-
Chromatin and DSB Formation in C. elegans
451
Systematic functional analysis of the Caenorhabditis elegans ge- Praitis, V., Casey, E., Collar, D., and Austin, J. (2001). Creation of
low-copy integrated transgenic lines in Caenorhabditis elegans. Ge-nome using RNAi. Nature 421, 231–237.
netics 157, 1217–1226.Kee, K., and Keeney, S. (2002). Functional interactions between
SPO11 and REC102 during initiation of meiotic recombination in Reinke, V., Smith, H.E., Nance, J., Wang, J., Van Doren, C., Begley,
Saccharomyces cerevisiae. Genetics 160, 111–122. R., Jones, S.J., Davis, E.B., Scherer, S., Ward, S., and Kim, S.K.
Kee, K., Protacio, R.U., Arora, C., and Keeney, S. (2004). Spatial (2000). A global profile of germline gene expression in C. elegans.
organization and dynamics of the association of Rec102 and Rec104 Mol. Cell 6, 605–616.
with meiotic chromosomes. EMBO J. 23, 1815–1824.
Riddle, D.L., Blumenthal, T., Meyer, B.J., and Priess, J.R. ed. (1997).
Keeney, S. (2001). Mechanism and control of meiotic recombination C. elegans II (Cold Spring Harbor, NY, Cold Spring Harbor Labora-
initiation. Curr. Top. Dev. Biol. 52, 1–53. tory Press).
Keeney, S., and Kleckner, N. (1996). Communication between ho-
Rinaldo, C., Bazzicalupo, P., Ederle, S., Hilliard, M., and La Volpe,
mologous chromosomes: genetic alterations at a nuclease-hyper-
A. (2002). Roles for Caenorhabditis elegans rad-51 in meiosis and
sensitive site can alter mitotic chromatin structure at that site both
in resistance to ionizing radiation during development. Genetics
in cis and in trans. Genes Cells 1, 475–489.
160, 471–479.
Keeney, S., Giroux, C.N., and Kleckner, N. (1997). Meiosis-specific
Romanienko, P.J., and Camerini-Otero, R.D. (2000). The mouseDNA double-strand breaks are catalyzed by Spo11, a member of a
Spo11 gene is required for meiotic chromosome synapsis. Mol. Cellwidely conserved protein family. Cell 88, 375–384.
6, 975–987.Kelly, K.O., Dernburg, A.F., Stanfield, G.M., and Villeneuve, A.M.
(2000). Caenorhabditis elegans msh-5 is required for both normal Roussigne, M., Kossida, S., Lavigne, A.C., Clouaire, T., Ecochard,
and radiation-induced meiotic crossing over but not for completion V., Glories, A., Amalric, F., and Girard, J.P. (2003). The THAP domain:
of meiosis. Genetics 156, 617–630. a novel protein motif with similarity to the DNA-binding domain of
P element transposase. Trends Biochem. Sci. 28, 66–69.Kelly, W.G., Schaner, C.E., Dernburg, A.F., Lee, M.H., Kim, S.K.,
Villeneuve, A.M., and Reinke, V. (2002). X-chromosome silencing in Smith, K.N., Penkner, A., Ohta, K., Klein, F., and Nicolas, A. (2001).
the germline of C. elegans. Development 129, 479–492. B-type cyclins CLB5 and CLB6 control the initiation of recombina-
Kleckner, N., Zickler, D., Jones, G.H., Henle, J., Dekker, J., and tion and synaptonemal complex formation in yeast meiosis. Curr.
Hutchinson, J. (2004). A mechanical basis for chromosome function. Biol. 11, 88–97.
Proc. Natl. Acad. Sci. USA, in press.
Solari, F., and Ahringer, J. (2000). NURD-complex genes antagonise
Lachner, M., and Jenuwein, T. (2002). The many faces of histone Ras-induced vulval development in Caenorhabditis elegans. Curr.
lysine methylation. Curr. Opin. Cell Biol. 14, 286–298. Biol. 10, 223–226.
Lee, C.C., Beall, E.L., and Rio, D.C. (1998). DNA binding by the KP
Storlazzi, A., Tesse, S., Gargano, S., James, F., Kleckner, N., andrepressor protein inhibits P-element transposase activity in vitro.
Zickler, D. (2003). Meiotic double-strand breaks at the interface ofEMBO J. 17, 4166–4174.
chromosome movement, chromosome remodeling, and reductional
Lu, X., and Horvitz, H.R. (1998). lin-35 and lin-53, two genes that division. Genes Dev. 17, 2675–2687.
antagonize a C. elegans Ras pathway, encode proteins similar to
Sun, H., Treco, D., Schultes, N.P., and Szostak, J.W. (1989). Double-Rb and its binding protein RbAp48. Cell 95, 981–991.
strand breaks at an initiation site for meiotic gene conversion. NatureLuo, R.X., Postigo, A.A., and Dean, D.C. (1998). Rb interacts with
338, 87–90.histone deacetylase to repress transcription. Cell 92, 463–473.
Takanami, T., Sato, S., Ishihara, T., Katsura, I., Takahashi, H., andMacQueen, A.J., and Villeneuve, A.M. (2001). Nuclear reorganization
Higashitani, A. (1998). Characterization of a Caenorhabditis elegansand homologous chromosome pairing during meiotic prophase re-
recA-like gene Ce-rdh-1 involved in meiotic recombination. DNAquire C. elegans chk-2. Genes Dev. 15, 1674–1687.
Res. 5, 373–377.MacQueen, A.J., Colaiacovo, M.P., McDonald, K., and Villeneuve,
A.M. (2002). Synapsis-dependent and -independent mechanisms Terasawa, M., Shinohara, A., Hotta, Y., Ogawa, H., and Ogawa, T.
stabilize homolog pairing during meiotic prophase in C. elegans. (1995). Localization of RecA-like recombination proteins on chromo-
Genes Dev. 16, 2428–2442. somes of the lily at various meiotic stages. Genes Dev. 9, 925–934.
Magnaghi-Jaulin, L., Groisman, R., Naguibneva, I., Robin, P., Lorain, Tesse, S., Storlazzi, A., Kleckner, N., Gargano, S., and Zickler, D.
S., Le Villain, J.P., Troalen, F., Trouche, D., and Harel-Bellan, A. (2003). Localization and roles of Ski8p protein in Sordaria meiosis
(1998). Retinoblastoma protein represses transcription by recruiting and delineation of three mechanistically distinct steps of meiotic
a histone deacetylase. Nature 391, 601–605. homolog juxtaposition. Proc. Natl. Acad. Sci. USA 100, 12865–
Moens, P.B., Chen, D.J., Shen, Z., Kolas, N., Tarsounas, M., Heng, 12870.
H.H., and Spyropoulos, B. (1997). Rad51 immunocytology in rat and
Thomas, J.H., and Horvitz, H.R. (1999). The C. elegans gene lin-mouse spermatocytes and oocytes. Chromosoma 106, 207–215.
36 acts cell autonomously in the lin-35 Rb pathway. Development
Nielsen, S.J., Schneider, R., Bauer, U.M., Bannister, A.J., Morrison,
126, 3449–3459.
A., O’Carroll, D., Firestein, R., Cleary, M., Jenuwein, T., Herrera, R.E.,
Villeneuve, A.M. (1994). A cis-acting locus that promotes crossingand Kouzarides, T. (2001). Rb targets histone H3 methylation and
over between X chromosomes in Caenorhabditis elegans. GeneticsHP1 to promoters. Nature 412, 561–565.
136, 887–902.Ohta, K., Shibata, T., and Nicolas, A. (1994). Changes in chromatin
structure at recombination initiation sites during yeast meiosis. Villeneuve, A.M., and Hillers, K.J. (2001). Whence meiosis? Cell
EMBO J. 13, 5754–5763. 106, 647–650.
Ohta, K., Nicolas, A., Furuse, M., Nabetani, A., Ogawa, H., and Shi- Weintraub, S.J., Chow, K.N., Luo, R.X., Zhang, S.H., He, S., and
bata, T. (1998). Mutations in the MRE11, RAD50, XRS2, and MRE2
Dean, D.C. (1995). Mechanism of active transcriptional repression
genes alter chromatin configuration at meiotic DNA double-stranded
by the retinoblastoma protein. Nature 375, 812–815.
break sites in premeiotic and meiotic cells. Proc. Natl. Acad. Sci.
Williams, B.D., Schrank, B., Huynh, C., Shownkeen, R., and Wa-USA 95, 646–651.
terston, R.H. (1992). A genetic mapping system in CaenorhabditisPage, S.L., and Hawley, R.S. (2003). Chromosome choreography:
elegans based on polymorphic sequence-tagged sites. Geneticsthe meiotic ballet. Science 301, 785–789.
131, 609–624.
Pasierbek, P., Jantsch, M., Melcher, M., Schleiffer, A., Schweizer,
Wu, T.C., and Lichten, M. (1994). Meiosis-induced double-strandD., and Loidl, J. (2001). A Caenorhabditis elegans cohesion protein
break sites determined by yeast chromatin structure. Sciencewith functions in meiotic chromosome pairing and disjunction.
Genes Dev. 15, 1349–1360. 263, 515–518.
Cell
452
Yamada, T., Mizuno, K.I., Hirota, K., Kon, N., Wahls, W.P., Hartsuiker,
E., Murofushi, H., Shibata, T., and Ohta, K. (2004). Roles of histone
acetylation and chromatin remodeling factor in a meiotic recombina-
tion hotspot. EMBO J. 23, 1792–1803.
Zalevsky, J., MacQueen, A.J., Duffy, J.B., Kemphues, K.J., and Vil-
leneuve, A.M. (1999). Crossing over during Caenorhabditis elegans
meiosis requires a conserved MutS-based pathway that is partially
dispensable in budding yeast. Genetics 153, 1271–1283.
Zetka, M.C., Kawasaki, I., Strome, S., and Muller, F. (1999). Synapsis
and chiasma formation in Caenorhabditis elegans require HIM-3, a
meiotic chromosome core component that functions in chromo-
some segregation. Genes Dev. 13, 2258–2270.
